CHAPTER II

CHEMISORPTION THEORY

The theory of chemisorption has long remained a
challenging theoretical problemlz. Our aim is only limited
to study of hydregen chemisorption. The theory of hydregen
chemisorption can be extended to describe all other complicate

adsorbate.

2.1 The semi-empirical approach.

We shall consider neutral hydregen molecules far
from a clean metal surface. Approuching the surface, the
molecules become dissociated. The resulting two atoms become
so separate that they may be considered as having no interaction
between each other. The atom is now adsorbed at a specific site
on the surface. Let us first propose the interaction between

adatoms and metal surface to be of a chemical bond. There are three

possibilities,z’lo
1) ¥.+ .4 M:BE' , ionic bond,
1i) . + .H M+: H 5 ionic bond,
iii) #H. + .E M:H ’ covalent bond,

where the bonds ip the first two are ionic and the third is neutral

covalent, In the first case, the heat of adsorption is expressed as:

q = -pD(i-E) - el + ef + e2/4R, (2.1.1)



where D(H-H) is the dissociation energy added to lreak the hydrogen
molecule, el is ionization energy added to remove the ground

state electron of H-atom to infinity, eg is the negative of

work function (the energy we gain from the process of moving

an electron from infinity to the metal surface then put into

the lowest unoccupied level (Fermi level)), 02/4R is the
classical image potential, the Coulomb interaction between

the H-ion and metal surface, where R is approximated to be

the ad-ion redius. Similarly for the second case we have

q = ._%D(H—H) + eA - ef - ez/tm . (2.142)

where eA is the affinity energy we gain from the process of
removing an electron from infinity and putting it into the

lowest unoccupied levels This is not -exact process for when

we add an electron into the H-atom, the problem we obtain,

is now two electron problem. All electronic levels are shifted
because of two electron interaction. For hydrogen, we have

el = 13.6 eV, eA = 0.7 eV, D(H-H) = 4.46 eV. As an example,

if we choose W as adsorbent, we have ef = 4,54 eV and R = 1.41 Ks
thus gives e2/4R = 2.25 eV. Thus we get q = =9.04 eV/atom or
~210 kcal/gm-atom for the first ionic case and q = ~-8.23 eV/atom
or =115 kcal/gm-atom for the second ionic case. This is too
highly endothermic to occur spontaneously. Thus the ionic chemic2l
bond fsils to descrihe H-chemisorption, since it is an

spontaneous process. Many gascs adsorbate such N CO also

2!

give high endothermic heat of adsorption.



Let us apply the ionic model to alkaline metals adsorbate

on transition metals such as W. The first case occurs because the

alkaline metals have electronegativity less than that of W and

hence tendency <o loss electron will be higher. Thus

. =i
We + oM —2W: M p

where qQ =¢cd - el + aa/hR . (2.13)

The results are shown in table 1.1.2 , whefe N is Avogradro's number

Table 1.12
"Nge "N1e *Nez/‘m% ‘{qu(cal) #qd(exp)
Na on VW 104 .0 11840 bh ,5(1,83R) 20,5 22,0
K onW 104 .0 99.6 35:9(2.27%) 40.3 =
“Ca on W 104.0 89.4 31.162.62R) 45,7 64.0

» in kilocalories
# in kilocalories per gram atom

% in parentheses is R

The ionic model would be good for Na on W but not for Ca
on We This calculation may contain an error due to the rough
estimation of R and the failure of classic theory for ghe short
distance as 1=3 R. However, this errors should not be large.

We will now consider the third type of bonding,
covalent bend. This wns first propos.d by Eley (‘1950).13'1£+

He proposed the squation



10
q = D(MH) - %D(HH) s (2.1.4)

where D(MH) and D(HH) is dissociation energy of metal surface-
hydrogen bond and hydrogen molecule., He assumes that no metal-
metal bond is broken upon chemisorption. This is however not
always true. To determine D(MH), Eley used the Pauling's

{55

approximation

2

Py2  (2.1.5)

D(MH) = (D(MMY + D(HE))/2 + 23.06(x§ - X

where Xﬁ and XE is electronegativity defined by Pauling.

Applying this to 2.1.4,  we get

q = b +250080x" - xD)° . (2.1.6)
2 M H

D(MM) is cstimated from latent heat of sublimation, A .+ In FCC
metal, each metal atom has 12 nearest neighbours, and each

bond has two metal atom, so that

D(MM) = A/6 . (2:147)

14
Stevenson (1955) has made use of Mulliken's electro-

negativity values defined by

Y- %(Ie + Ae) . (2.1.8)

For metals, both eI and eA are equal to the same value ed, the
work function of the metals, since the highest occupied and

lowest unoccupied level are at the Fermi level.,
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Steverson's modification gives us a better value of D(MH)
when compared to experiments. Neither the origin Eley's method
nor its modification gives completely satisfactory agreement with
experiment value., For hydrogen on Fe, Co, Ni, Cu, Mo, Ta and VW,
the agreement using Stevenson's proccdure is moderately good: the
values for Pd and Pt are rather low; the value for Cr is very
low while the values for Ru, Rh and Ir are too high. In general,
the values for other gases are low {(this was shown by Bond 1962).17

Both Eley and Stevenson did not take into account of the surface
effects. Ehrilich (1959)18 point out that Lley missed two impcrtant
points. The fir=t is that the estimation of D(M) from
latent heat of sublimation is too high. This point was indicated

19

in Oriani's work (1950) on the surface excess energy (the
energy t~ bring an at~@m from interior to the surface) for liquid
metals. The excess energy calculated from the heat of evaporation
assuming pairwise bonding was shown to be high when compared to
the values calculated from surface tension measurements and their
temperature coefficients. The bonds in the surface layer were
found to be about 13-25% stronger than in the bulk. The sccond
point is that the geometric mean is better than arithmetic mean
to estimate D(MH). This idea came from Pauling's work on metal

hydrid.15

Ehrilich has investigated the result of modification
on the series of transition metals. He found the poor agreement

for 21l transition metals, though chemisorption of hydrogen on

Zn, Cd and Hg were correctly predicted to be endothermic adsorption.
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Before we go further, let us look at the correlation
of some gases chemisorption on transition metals series, show
in Fig 2.1.1.3 We see that there exist = general rule to

govern the behavior of gases chemisorption on transition metals.
Meither Dley's method nor its modification can give
results which can cxplain even qualitatively the sequence of
heat of adsorption variation on transition metals series.
Higuchi et.al. (195?),20 using a simple gquantum
mechanical approach based on a proposal of Wall (1939),21
have calculated the percentage of the ionic character of

covalent adsorption bonds and heat of adsorption. The surface

complex is approximated to be M=-H. They start

‘é' - Cia‘{‘i & CC. ‘«PC 4 (2.109)

where Y, and y, =are eigenfunctions of ideal ionic and

covalent bond respectively, ¢y and c, are constants.

Substituting 2.1.9 into

fdr. ¥*.H. V¥

E = * ’
rdr. y « Y
thus they get E = ¢® . H,, + c2. H (2.1.10)
& ii c cc ; ot
2 2 ;

where c; + ¢, = 1. Rearranging the terms, 2.1.70 becomes
-d - _ .
c:f= 1+ (BE=-H,.)N(E=-H_ )« (2.1011)
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. 8 2
By setting Hyy = Bye - Ie + g - (e”/R) (2.1:12.8)

and H = X(p(umM) + D(HH)) . (2e1¢124b)
cc 2

where Aye is electron affinity of metal M. They calculated ci

from the expression
2
o= ci.eR 5 (2.1.13)

where p is the bond moment (which was discusscd and measured by
Mignolet (1950})22. Thus Higuchi et.al. were able to obtain
some information about the nature of the bonds.

The result of Higuchi et.al. shows that the bonds for
Cs and Na on W are purcly ionic while the bonds for Ba and Sr on

W are ionic with a small amount of covalent character (ci = 0,97

for Ba and 0.67 for Srs). For gases-on metals the bond are

govalent with z small amount of ionic character (ci = 0.02 to

0.09). For strongly covalent bonds, they find bond energy
which differ orly a little from those obtained by Eley. Thus
we find that Higuchi's method fails to explain the gases
chemisorption c¢n transition metals series.
All tre semi-empirical theories, which have been discussed,
fail to show the nature of the chemisorption bond of an adsorbate

on a transition metal surface.
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2.2 The recert chemisorption theory.

The chemisorption theory, recently developed, can be
divided into two main approaches the molecular and solid states
approaches. The molecular approach uses conventional gquantum
chemistry methods, e.c. Extended Hickel theory (EHT) methods,23—27
and its modification,28 Complete Neglect Differential Overlap
(CNDO) methods,ag'EO SCF-X« Scattered-Wave methods,31_33 to
calculate a finite cluster of metal and adatoms, the chemical
complex MnA. The number n involved is usually of order 10 only,
which is far from being a real icrystal. It is limited by the
power of computer. The s0lid states approach requires two limits
to be considered, the tightly boumd and ncarly free electron
models.

In anzlogy to6 the conventional moelecular theory, the
tightly bound model can be-approached -in two p}inciple ways, the
Hartree-Fock (HF or MO)scheme and Heitler-London (HL or VB)
scheme. The former approach was first developed as a simple one
electron approximation, (see Koutecky (1958)3h, Grimley (1957,

)35’36 ) Newns (1969)3? showed the short coming of the

1958
simple one electron approximation and surpested that the problem

could be approacied by using the Anderson (1961)38 model. 1In
this approach, the electron correlation is added and shown to
play an important role (see also chapter IV and V). Schrieffer
and Gomer (19?1)39 introduced a new extreme approach, the

Induced Covalent Bond (ICB) theorem which 1s a pgencra2lized

of conventional HL or VB theorem. The ICB theory was developed

000330
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L
further by Schrieffer and Paulson (1975). & The basic idea of

this theory is that the adatom electron-electron interaction is
so large that the electron fluctuation can be considered to be
zero and the solid is econsidered as being esnnlogous to an atom
in the HL or VB theory.

In nearly free electron model, the metal is assumed
to be semi-infinite jellium  The problem of jellium electronic
structure is sclved by the use of Density Functional Formalism,
which was developed by Hohenberg, Kohn and Sham (1964-1966).41-45
The adatom, e.p. hydrogen has//its valence electron removed and
placed in the jellium. Then, ~ slowly the proton is moved to the

surface. The N + 1 electrons in the jellium become perturbed

and thus redistribute themself. This is the basic idea that

6 L7-L4g

Lang and Willium (1975-1977),
)50

Smith, Ying and Kohn (‘19?3’;),,+
Gunnarsson, Hielmberg and Lundquist (1976 e¢tc., have used
to discuss the chemisorption on simple metals. Muscat and Newns
(197?)51 discussed the relation of the level shift in Newns-
Anderson model to the chemisorption on jellium with the use of
thkis formalism.

The central to these theories is llewns-inderson model.
We should note that the one electron theory is the limiting case
for the zero adatom electron-electron interactionj the conventional
quantum chemistry approach is the limiting case for the
adatom-metal atoms, at surface, coupling potential is large;
the ICB method is the limiting case for infinite electron-

electron interzction; while the chemisorption on jellium is

the limiting cese for large band width metals.



17
11,37,38,52-54

2.3 Newns=Anderson model.
The adsorption phenomena can be related to the impurity
problem since the adsorbate atom can be considered to be a surface
impurity. Newns (1967, 1969)3?'55 and Grimley (1967)56’5? have
used Anderson model for studying localized magnetic moment in
metals to study the chemisorption phenomena. This model 1is very
successful in both fields, and thus can be considered to be a

)37

general one. In Newns'(1969 paper, many physical interpretation
and beautiful argument -on  the chemiscerption phenomene

were discussed, c.g. the surface molcecule concept. This concept
provides the reasons for working on chemisorption problem with
the usual quantum chemistry methods: The generalized chemical
bond was taken to be made up of N + 1 electron chemical bond:l1

The classical clectron pair chemical bond concept is just the
special case, i.e. N =1, of the generalized chemical bond.

This generalized chemical bond needs further theoretical
developrient 2nd will not be discussed in this thesis.

There are significant changes, due to the surface effect,

u, Vv in Anderson Hamiltonian

in the parameters 2k

'Ek 1 82.'

and also the density of states Py (g,) of metz2l. The surface

k
effect is important even in the ideal unperturbed metal surface,
which will be discussed in detail in chapter III. While we can

use the bulk S and DO , the wave function and the local

density distribution can not be used. ‘hen the adsorbate comes

near the surface, the ionization energy eI and affinity energy eA

52,58,59 i.

would be screened by metal surface charge, C.
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and el
thus U =eA -el = Uf1 - ZV. E]

where Vim is expressed classically 2s ez/hd. The change can

be significantly large at the ideal metal surface. Unlike

the impurity problem the covalent admixing matrix clement Vzk

can not easily be expregsed as mean average or root mean

square AVErage.
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